I. INTRODUCTION

E
NVIRONMENTAL energy harvesting has proven to be a viable way of extending wireless system lifetimes while reducing reliance on batteries. Depending on the environmental stimulus, solar, thermal gradients, and mechanical vibrations can be used as sources for energy scavenging [1] . Many vibration-based energy harvesting systems use a piezoelectric transducer as an AC power source. The generated AC voltage from the vibrational transducer must first be rectified before it is delivered to a load. In order to increase the system's energy harvesting ability over a wide range of vibrational frequencies, a multiple-electrode disk-shaped piezoelectric transducer has been proposed [2] , [3] . Typically, the energy from a piezoelectric transducer that has two electrodes is rectified using a full-wave diode bridge rectifier [4] , which requires a significant voltage drop between input and output, decreasing the rectifier's voltage efficiency. Previous works with rectifiers using MOS switches avoid the diode drop [5] - [13] ; however, they lack the ability to efficiently rectify the multiple output phases generated from a disk-shaped transducer. In order to increase the flexibility and efficiency of the rectifier, this paper describes a CMOS controlled rectifier (CCR) with integrated peak selection circuitry. Fig. 1 shows a block diagram of an energy harvesting wireless sensor node system-on-chip powered by environmental sources [14] . Light and vibrations are converted to electrical energy by photodiodes and piezoelectric transducers, respectively. Environmental conditions determine the available system energy, which may change over time. A stored energy source such as a battery or ultracapacitor is also included to provide energy when environmental sources alone are insufficient. Additionally, the scavenged energy must be regulated before being used to power any load. Energy scalable algorithms can be used to vary the effective duty cycle for the system depending on the amount of available energy [15] . Each load may also present different requirements to the power regulator, such as specific voltage levels, output power, and maximum ripple. As these systems are capable of interacting with their environment, processing data, and communicating data to the outside world, they can be used for a variety of applications including medical monitoring, environmental sensing, and lighting, heating, and ventilation control for energy-efficient buildings. The particular energy transducers selected to power these devices may depend significantly on the intended application and expected environmental stimulus.
In this paper we focus on the transducer and the AC/DC conversion blocks shown in Fig. 1 , where the AC/DC conversion is achieved using a full-wave MOS rectifier with internal peak selection circuitry, which selects the peak voltage generated from a multiple electrode piezoelectric transducer. The rest of the paper is organized as follows. Section II highlights the multiple-electrode piezoelectric disk as a generator for energy harvesting. Section III describes the principles of operation, design, and optimization of the proposed CCR. Results from testing an integrated circuit prototype of the rectifier implemented in 0.35 0018-9200/$25.00 © 2008 IEEE m CMOS are presented in Section IV, followed by conclusions.
II. PIEZOELECTRIC TRANSDUCER
Ultrasonic motors create rotary motion by exciting a traveling wave, which propagates around the circumference of a piezoelectric disk. Traditionally, the traveling wave is excited by stimulating a pattern of electrodes on the disk. Each electrode is driven by a signal which has a constant phase shift relative to the signals driving its neighboring electrodes [16] . In this work, we are relying on the input vibration to excite the traveling wave. Since piezoelectric transducers are bilateral devices, the generated electrical waveform measured at each electrode will have a similar phase relationship to its neighbors as the signals used to stimulate a traveling wave in a piezoelectric ultrasonic motor. This phase relationship between electrodes enables new, highly efficient interface circuits.
Since cantilever beam piezoelectric transducers can achieve high energy densities, they have been the focus for much research in vibration-based energy harvester design [17] , [18] . However, many simple cantilever or membrane-based transducers are only efficient around a specific resonant frequency [7] . Due to the multiple electrode connections and free-free boundary conditions, the 2-layer piezoelectric disk transducers described here have multiple resonant frequencies. Each resonance for the disk is accompanied by a special modal shape [19] , [20] . Since the vibrations seen by the energy harvesting system changes with environmental conditions, it is desirable to have a transducer that is responsive over a wide frequency range, and multiple resonant frequencies can help achieve this. With an input vibration at resonance, a disk shaped transducer will not be able to generate as much tip deflection as an equivalent sized cantilever transducer resulting in less power generation. However, with a random input vibration the multiple resonant frequencies of the disk may yield higher energy densities than a single resonance transducer. Fig. 2 shows a photograph of the test fixture for the piezoelectric disk along with diagrams associated with the disk. At the bottom of the picture is a mechanical shaker, which is similar to a voice coil in a speaker. Attached to the shaker is a c-clamp where threaded screws with nonconductive nylon tips support the dual-layer piezoelectric disk at its center. The top and side views of the disk show the multiple electrodes. Also indicated are the relative phase shifts of the electrode signals when the disk is vibrating in a traveling wave mode.
After initial fabrication, the top and bottom plates of the piezoelectric disk are intact. A file was used to score the disk on the top plate to form four quarter circle electrodes. This process results in four top-plate electrodes that are electrically isolated from each other but mechanically coupled through the disk. Including the bottom plate, there are a total of five electrodes. Leads were bonded to these electrodes with conductive epoxy. These connections were made towards the center of the disk to reduce mechanical stress on the epoxy bond. Fig. 3 displays the results of a mathematical model of the disk's vibration with a traveling wave. In general, the vibrational pattern or mode shape will be a summation of modified and unmodified Bessel functions of the 1st and 2nd kind [21] . The vibrational mode shown is the traveling wave at (2,1), where the mode number 2 corresponds to the number of modal diameters. If we trace around the edge of the disk, we will see two cycles of a sinusoid. The number 1 corresponds to the number of modal circumferences; a 1 here means the mode shape will continue in the same direction as one moves from the center to the edge of the disk, and the amplitude of the vibration will not cross zero again. The quarter circle electrodes proposed for our disk-shaped transducer would not be able to efficiently harvest energy from many higher frequency modes than the (2,1) mode since for these configurations both positive and negative shear force exist in the same quarter-circle area. Additional radial cuts would be needed to harvest energy from these modes. However, the energy associated with higher frequency modes is usually small when compared to the lower frequency modes, and adding more cuts will decrease the mechanical strength of the disk, possibly leading to a higher mechanical failure rate through cracking. Fig. 4 shows the normalized magnitude response of the disk while being vibrated from the shaker test fixture of Fig. 2 as the vibration frequency is swept. The y-axis in this plot is normalized to 38 W. It can be seen here that the disk has multiple resonances, each with its own mode shape indicated by a small cartoon at each resonant peak. At the dominant mode near 1 Fig. 4 . Multiple resonances for piezoelectric disk transducer with multiple cuts in top plate electrode. Simulated results are from a lumped model of the disk derived using rigid-body analysis [3] .
kHz, the disk vibrates in a cupping motion, where all electrode signals will have the same phase. Near 400 Hz the disk vibrates in a folding motion, and at 615 Hz the desired traveling wave (2,1) mode can be excited. The traveling wave is produced by exciting two modes which are orthogonal to each other. The magnitude response of the disk was also measured before the top plate was sectioned into multiple electrodes. Without the quarter-circle sections, the only mode for efficiently generating energy was near 1 kHz. The disk still vibrates at these other resonances, but the energy could not be harvested. The piezoelectric transducer will generate electrical charge proportional to the total integration of shearing force over its volume. With these lower frequency modes, some parts of the disk would have a positive shear force while others would have a negative shear force, and they would effectively cancel out each other. Sectioning the top-plate electrode allows separation of the positive charge from the negative charge, resulting in a net gain for energy harvesting at these lower frequency resonances.
III. RECTIFIER
In this section, we describe the design and optimization of a rectifier circuit for performing simple AC/DC conversion of the piezoelectric disk transducer's output. One goal of the design is to exploit the relative phase shift of the multiple electrodes to reduce the size of any output filter capacitor required to achieve a given voltage ripple specification. Fig. 5 shows a conventional (inductively loaded) MOS rectifier [8] , which is commonly used for wireless power links. For the conventional rectifier, two large diode-connected PMOS devices, ML and MR, rectify the input voltage . Two small PMOS devices are used to bias the n-well of each large PMOS device. The positive feedback from the cross-coupled NMOS pair MN1-MN2 ensures that the more positive side of the AC input source, , will be connected to the load while the less positive side will be connected to ground. Initially, suppose . Transistor MN1 turns on, clamping to ground and cutting off transistor MN2. Output tracks through the power transistor on the right-hand side, MR. MR's bulk terminal is connected to through the small PMOS device MW2 since must be below by more than the magnitude of the threshold voltage of MR to ensure that MR is on and in the saturation region. This voltage drop ultimately limits the efficiency of the rectifier, since any load current must flow across the finite drain-source potential of MR and the associated power is essentially wasted. On the left-hand side, the bulk terminal of the other large PMOS transistor ML is connected to through the small PMOS MW1, since is higher than . The dashed line in Fig. 5 shows the current path through the rectifier for this input condition. An analogous situation occurs when is positive, with each transistor on the left side of the circuit swapping roles with its corresponding device on the right.
Since the proposed piezoelectric disk has multiple electrodes, the less positive input does not need to be connected to ground in order to complete the loop for AC current flow, as it must in the conventional rectifier described above. Ground can instead be connected at a fixed common point on the disk such as the bottom plate.
The proposed rectifier designed for piezoelectric transducers is shown in Fig. 6 . This dual-input piezoelectric rectifier consists of two CMOS-controlled rectifiers (CCRs) with their outputs connected together. The three transistors M1-M3 are identical in function to the three PMOS devices in half of the conventional rectifier above; however, here the gate of M1, instead of being shorted to the drain, is connected to the output of a CMOS inverter formed by transistors M4 and M5. In the proposed CCR, the body bias transistors M2-M3 also function as a crude peak detector, holding the well of M1 to the higher of and . The well capacitance associated with the bulk of M1 helps to hold the peak voltage sampled through the body-bias transistors as the input voltage changes. The CMOS inverter M4-M5 functions as a low-power comparator basing its decision on the held peak-detector voltage and the CCR input voltage. The switching threshold of the inverter will be greater than the threshold voltage of M5 and depends on the relative sizing of M4 and M5. Body bias transistors M2-M3 ensure that the pn-junction associated with the n-well of the large PMOS power transistor M1 does not become forward biased [8] . Due to the low dropout voltage of the CCR, is near and thus M2 is off when M1 is on. The body of M1 is connected to through M2 before M1 turns on, and the body potential is held by the parasitic capacitor when M1 is on. Likewise, when the CCR turns off, the body of M1 connects to through M3. In addition, when M1 is off, M2 will also be off since is smaller than . Since the gate of M1 is effectively controlled by the voltage at its source, , the phase relationship between and can be arbitrary, unlike the conventional rectifier where and must be 180 out of phase to guarantee correct operation through the cross-coupled NMOS devices MN1-MN2. This allows the CCR to be used when rectifying the multiple output voltages of the piezoelectric disk transducer. For the proposed rectifier, the output voltage will be selected from the highest of the input voltages. In the conventional rectifier, the rectified output voltage is two times the input voltage when and are 180 out of phase. A higher input voltage can be accomplished through stacking multiple piezoelectric transducers in series. For the prototype, each electrode can be associated with a single CCR, so four CCRs would be required for the quarter-circle electrodes in the proposed transducer. In addition, since the gate of M1 is not tied to its drain, M1 can be operated in the linear region, and the output voltage can follow the input without a threshold voltage drop. This significantly improves the voltage and power efficiency of the rectifier. The dark dashed line in Fig. 6 shows the current path from to ground through the CCR when M1 is on. Table I lists the drawn widths for the CCR prototype. All channel lengths are 0.35 m.
The loss in the CCR will be dominated by a combination of the IR drop across the channel of M1 and the energy required to drive the gate of M1. The choice of the size of M1 will effectively trade off conduction loss for dynamic loss. An expression for the summation of loss terms (assuming a DC input voltage for the conduction loss and an AC input for the dynamic loss for simplicity) as a function of circuit parameters is given by (1) (2) where is the peak input voltage, is the on resistance of M1 in the triode region, is the gate capacitance per unit width of M1, is the width of M1, and is the frequency of the input. As (2) suggests, the size of M1 is not critical, and widths from about 30 m to 150 m provide approximately the same efficiency. Keeping the losses below 5 W enables energy harvesting from parasitic mechanical vibrations.
For ultra-low power ( 1 mW) systems, the rectifier efficiency and its equivalent loading on the piezoelectric transducer largely determine the total power available to the load. To maintain high conversion efficiency between mechanical and electrical energy, the CCR effectively implements a switched loading scheme on the vibrating transducer by open circuiting electrodes that fall below the threshold of the CMOS inverter (M4-M5). This scheme decreases the effective load as seen by the piezoelectric disk, allowing for increased peak voltage generation. Since the rectifier automatically switches between the peaks of the four input phases (each offset by 90 of relative phase shift), an output filter capacitor is not needed to achieve modest output voltage ripple requirements. The exact ripple amount will depend on the load resistance, input vibration frequency and symmetry associated with the disk's electrodes and mounting apparatus. Fig. 7 shows a block diagram of the test setup for the multiple-mode piezoelectric transducer with multiple-input rectifier. Four of the proposed CCRs from Fig. 6 are used to connect the four top-plate electrodes from the piezoelectric disk to the load . An equivalent electrical model for each electrode is shown as the inset in Fig. 7 . The disk is forced from its center by a mechanical shaker, which is in turn driven by an arbitrary waveform generator (AWG). In order to model typical environmental conditions during sensor operation, the AWG can be programmed to generate a pseudorandom waveform. Fig. 7 . Block diagram of test setup for random vibrational inputs. Piezoelectric disk has top-plate divided into four quarter-circle shaped electrodes and the bottom-plate intact. Top-plate electrodes are time-interleaved through CMOS diode switches.
IV. MEASURED RESULTS
As described above, the individual CCR thresholds are set by their own internal peak selector; the multiple-phase rectifier thus automatically adjusts to different input vibrations and electrode patterns without needing an additional power supply or clock. This allows for improved energy harvesting ability over a wider range of input vibration frequencies. The ESD protection diodes on each of the four CCR inputs provide the DC current path through the load. Several measurements on the proposed transducer and rectifier were performed by using the experimental apparatus shown in Fig. 7 , including stimulating the disk with both sinusoidal and pseudorandom vibration patterns. Fig. 8 shows measured waveforms from the proposed dual-input rectifier shown in Fig. 6 . Snubbing diodes (shown in Fig. 7 ) that are used to protect against negative top plate voltages and to provide a DC current path cause the slight clipping visible at the negative voltage peaks. The rising transition of highlighted in the oscilloscope trace corresponds to the input voltage crossing the CMOS inverter switching threshold. After this transition, the output follows the input without a significant voltage drop. The inverter threshold can be changed by adjusting the relative sizes of M4 and M5. If the NMOS device M5 is made larger, then the CCR will turn on M1 at a lower input voltage. While shifting the threshold lower has the benefit of passing more total current (M1 is on over a larger fraction of the input half-cycle), with a lower threshold there is a greater chance of having more than one CCR on at a time, which may produce undesirable extra loading on the disk and consequently decrease the harvested energy. Fig. 9 shows the measured waveforms from the multipleinput rectifier connected to the piezoelectric disk stimulated by the test fixture shown in Fig. 7 . For the multiple-input rectifier, the vibration waveform, is shown along with a top-plate electrode signal, , and the rectified output voltage, . With the random input vibration, the rectifier can deliver 39 W of power to a 22 k load. With a 30 nF output capacitor and a 1 V 615 Hz input, the dual-input rectifier (shown in Fig. 6 ) and multiple-input rectifier (shown in Fig. 7) had measured peak-to- peak output ripples of 440 mV and 97 mV, respectively. When the traveling wave is excited in the disk, the additional electrode phases rectified by the multiple-input circuit help reduce the output ripple by more than a factor of four for a fixed output capacitance. Fig. 10 shows a plot of the power efficiency for the conventional and proposed dual-input rectifiers versus load resistance. The proposed rectifier has a substantially better efficiency over a wide range of load conditions at the same peak input voltage. The power efficiency for the proposed rectifier is limited at low and high load resistances by conduction losses through M1 and the dynamic losses associated with the gate of M1, respectively. Fig. 11 shows the measured peak conversion ratio versus input amplitude for the proposed and conventional dual-input rectifiers. The conventional rectifier was implemented on a separate chip in 0.18 m CMOS as part of another project. Even with the advantages that the smaller feature size can provide, the proposed rectifier has a far superior conversion ratio to the conventional rectifier for peak input levels that are larger than the magnitude of a PMOS threshold voltage, which is about 0.7 V in the prototype. Fig. 12 shows the measured output voltage for the multipleinput regulator, from Fig. 7 , without an explicit output capacitor. The input vibration is a 615 Hz tone, which stimulates the traveling wave in the piezoelectric disk. Due to a slight imbalance in the mounting of the disk, the four electrode voltages are not equal in magnitude, causing a distorted waveform with a larger than expected ripple. The measured voltage ripple amplitude is roughly 35% of the peak rectified amplitude. In future designs, more accurate methods for scoring and mounting the disk will produce better results. For example, the top-plate electrodes can be etched using standard processes. A die photograph of the prototype is shown in Fig. 13 .
V. CONCLUSION
This work has shown that the proposed CMOS rectifier can efficiently rectify the output voltages from a multiple-electrode piezoelectric transducer while being driven with a random vibration. Integrated peak selection circuitry provides an accurate and low power method for switching the CCRs. This enables efficient energy harvesting from many different vibrational modes, which may be stimulated simultaneously for random input vibrations. This flexibility allows for increased energy harvesting ability over a wide input vibration bandwidth. Table II compares measurements for this rectifier and other recent works. Previous works had power efficiencies between 76% and 90% while this work boasts a power efficiency greater than 98% with an input frequency of 10 kHz. For the application of wireless sensor nodes, it is desirable to have a rectifier that can deliver power on the order of microwatts. However, it is a significant challenge to deliver very small amounts of power while maintaining a high level of efficiency. The interface circuitry outlined in this paper has improved the state of the art in terms of efficiency and low drop-out voltage for low-frequency rectification and is applicable to numerous energy harvesting scenarios.
